To influence energy homeostasis and reproduction, 17b-estradiol (E2) controls the arcuate nucleus (ARC) through multiple receptor-mediated mechanisms, but primarily via estrogen receptor (ER) a, which signals through both estrogen response element (ERE)-dependent and -independent mechanisms. To determine ERa-mediated, ERE-dependent, and ERE-independent E2 signaling in the ARC, we examined the differential regulation of the mouse arcuate transcriptome by E2 using three mice genotypes: (1) wild-type, (2) ERa knock-in/knockout (ERE-independent mechanisms), and (3) total ERa knockout (ERa-independent mechanisms). Females were ovariectomized and injected with oil or E2, and RNA sequencing on the ARC was used to identify E2-regulated genes in each genotype. Our results show that E2 regulates numerous genes involved in cell signaling, cytoskeleton structure, inflammation, neurotransmission, neuropeptide production, and transcription. Furthermore, ERE-independent signaling regulates ARC genes expressed in kisspeptin neurons and transcription factors that control the hypothalamic/pituitary/gonadal axis. Interestingly, a few genes involved in mitochondrial oxidative respiration were regulated by E2 through ERaindependent signaling. A comparison within oil-and E2-treated females across the three genotypes suggests that genes involved in cell growth and proliferation, extracellular matrices, neuropeptides, receptors, and transcription are differentially expressed across the genotypes. Comparing with previously published chromatin immunoprecipitation sequencing analysis, we found that ERE-independent regulation in the ARC is mainly mediated by tethering of ERa, which is consistent with previous findings. We conclude that the mouse arcuate estrogen-regulated transcriptome is regulated by multiple receptor-mediated mechanisms to modulate the central control of energy homeostasis and reproduction, including novel E2-responsive pathways.
T he hypothalamus is the critical brain center in the control of reproduction, energy homeostasis, stress, temperature, and other homeostatic functions. It is well established that the gonadal steroid 17b-estradiol (E2) modulates these functions through central hypothalamic signaling. Classically, E2 binds to its nuclear receptors, estrogen receptor (ER) a and ERb, to regulate gene transcription by binding to the estrogen response element (ERE)-binding domain located on DNA. This "EREdependent" signaling is critical to many of these hypothalamic functions, with the effects lasting hours to days. In addition to ERE-dependent signaling, ERE-independent signaling regulates cellular signaling and gene expression through the activation of second-messenger signaling cascades and/or protein-protein interactions. ERE-independent signaling regulates second-messenger systems, including phosphoinositide 3-kinase, mitogen-activated protein kinase/extracellular signal-regulated kinase, protein kinase C, and protein kinase A pathways that control gene transcription and protein-protein interaction (1) (2) (3) (4) . Furthermore, G protein-coupled receptors such as the G protein-coupled receptor 30 (GPR30), now defined as the G protein-coupled estrogen receptor (GPER), and the putative Gq-coupled membrane estrogen receptor (Gq-mER) that regulates rapid responses to E2 in various hypothalamic neurons (5) (6) (7) (8) (9) (10) are involved in E2 regulation of gene expression.
Previously, ERa knock-in/knockout (KIKO) models that lack a functional ERE-binding domain have been used to study ERE-independent signaling (11) (12) (13) (14) . Likewise, total ERa knockout (ERKO) animals are important in identification of ERa-independent signaling. Previous studies in our laboratory demonstrated that EREdependent and -independent signaling are important in the regulation of selected genes (e.g., neuropeptides, receptors, cation channels) in the arcuate nucleus (ARC) of the mouse (12) . The ARC is a critical nucleus in the regulation of energy balance, through regulation by proopiomelanocortin (POMC) neurons and neurons that coexpress neuropeptide Y (NPY) and agouti-related peptide (AgRP), and of reproduction, through kisspeptin/neurokinin B/dynorphin (KNDy) neurons (8, 10, (15) (16) (17) . Whereas our previous study used a TaqMan low-density array to determine regulation through these mechanisms, the objective of the present study is to examine the ARC "estrogen-regulated transcriptome" using a standard E2 replacement paradigm in KIKO and ERKO females in comparison with their wildtype (WT) littermates (12) .
In addition to neuropeptides, hormone receptors, and cation channels, E2 has previously been shown to regulate ARC expression of signaling molecules and genes involved in cell communication, metabolism, cell growth, transcription, translation, and other cellular functions (18, 19) . We hypothesize that distinct canonical signaling pathways will be regulated by E2 through both EREdependent and -independent mechanisms. Furthermore, although ERa is the primary receptor involved in E2 signaling in the ARC, we expect to see differential gene expression in ERKO animals, suggesting additional receptor-mediated mechanisms of E2's action. Indeed, comparison between oil-and E2-treated females among the three genotypes identify a host of genes involved in cell growth and proliferation, extracellular matrices, neuropeptides, receptors, and transcription, indicating that multiple receptor-mediated signaling mechanisms modulate the hypothalamic control of energy homeostasis and reproduction. Defining the estrogen-regulated transcriptome in the mouse ARC is an important step to understanding and distinguishing the signaling mechanisms of E2 that control homeostatic processes.
Methods

Animal care
All animal procedures were performed in accordance with the guidelines based on National Institutes of Health standards and were performed with Institutional Animal Care and Use Committee approval at Rutgers University. Adult C57BL/6 female mice were maintained under a defined photoperiod (12 hours light/12 hours dark cycle) and constant temperature (23°C). Animals were given a low phytoestrogen chow diet (,75 isoflavone ppm; Advanced Protocol 5V75 from LabDiet, St. Louis, MO) and water ad libitum. Females were weaned on postnatal day 21. DNA from ear clippings was used to genotype animals, following previously published protocols (11) . Three genotypes of mice were used: WT (C57BL/6), KIKO, and ERKO (provided by Dr. Ken Korach, National Institute on Environmental Health Sciences) (11) . Crossing heterozygous WT/ knock-in males expressing the nonclassical ERa knock-in with WT/KO heterozygous females produced KIKO and their WT littermates. Crossing heterozygous WT/KO males and females produced ERKO and their WT littermates. The average age of females (weeks) at kill is as follows: WT, 10.9 6 1.2; KIKO, 16.2 6 1.0; ERKO, 13.5 6 1.9.
Ovariectomy
Adult female mice were bilaterally ovariectomized under isoflurane anesthesia 7 days prior to kill using sterile no-touch techniques according to the National Institutes of Health "Guidelines for Survival Rodent Surgery." Animals were given a dose of analgesic [4 mg/kg carprofen (Rimadyl ® )] 1 day after surgery for pain management. Females were monitored daily and allowed to recover for 5 days prior to the first injection of E2 benzoate (E2B) or oil.
(Newport, RI) and dissolved in ethanol (1 mg/mL), then mixed in sesame oil (Sigma-Aldrich, St. Louis, MO). The E2B injection protocol used has been shown to previously produce E2-induced gene expression in the hypothalamus (12, 20) . We did not include intact females in our experimental design because ERKO and KIKO females do not have a normal estrous cycle, making it difficult to compare among intact WT, KIKO, and ERKO females (21) . Animals were injected at 10:00 AM with either 0.25 mg of E2B or oil 5 days after ovariectomy and a 1.5-mg dose of E2B or oil 24 hours later. Food was removed from the cages for 1 hour prior to kill on day 7 after ovariectomy at 10:00 AM. Animals were sedated with ketamine (100 ml of 100 mg/ml stock, intraperitoneally; Henry Schein Animal Health, Melville, NY) and decapitated. Brains were removed and rinsed in ice-cold Sorensen's phosphate buffer (0.2 M sodium phosphate, dibasic; and 0.2 M sodium phosphate, monobasic) for 30 to 60 seconds. The basal hypothalamus was cut using a brain slice matrix (Ted Pella, Redding, CA) into 1-mm-thick coronal rostral and caudal blocks corresponding to plates 42 to 47 and plates 48 to 53, respectively, from The Mouse Brain in Stereotaxic Coordinates (22) . The slices were transferred to a 50/50 Pyrogard water/RNAlater ® (Life Technologies, Grand Island, NY) solution and fixed overnight at 4°C. The ARC tissue from two slices was microdissected using a dissecting microscope, following standard methods (14, 18, 22, 23) . Dissected tissue was stored at 280°C until RNA extraction in 50/50 Pyrogard water/RNAlater ® .
Tissue extraction
RNA was extracted from ARC using Ambion RNAqueous ® micro kits (Life Technologies, Carlsbad, CA) per the manufacturer's protocol. The RNA was treated with DNase I to remove contaminating genomic DNA. The quality of the RNA was analyzed on an Agilent 2100 bioanalyzer using the RNA 6000 Nano kit (Agilent Technologies, Santa Clara, CA). We chose three samples within each treatment and genotype that had the highest RNA integrity numbers (.8) to use for RNA sequencing (RNA-seq) analysis (n = 3).
RNA-seq
Library preparation and sequencing was performed at the JP Sulzberger Columbia Genome Center (New York, NY) using a TruSeq RNA sample preparation kit v2 on poly(A)-purified RNA, then sequenced on an Illumina HiSeq 2500. We chose a read depth of 30 million 100-bp single end reads. The overall quality of the RNA-seq was sufficient with an average of ;81% of the reads mapping to the mouse genome.
Bioinformatics
The RNA-seq data were mapped to the mouse genome (mm10) using TopHat v2.0 to produce mapped reads using the mouse gene transfer format as a guide (24, 25) . Differentially expressed genes were identified using Cuffdiff. Subsequent statistical analyses among WT, KIKO, and ERKO were performed using the Bioconductor package cummeRbund (Bioconductor, Boston, MA) (26) . To determine whether there were any outliers in biological replicates, principal component analysis (PCA) and scatter matrices were evaluated. Genes that were differentially regulated met the following guidelines: P , 0.05; fragments per kilobase of transcript per million mapped reads (FPKM) values .1; and fold change (FC) .1.5. To evaluate FC .1.5, the cutoff for downregulated genes was 0.667 and 1.5 for upregulated genes. To visualize differences in differential gene expression using FPKM, bar graphs were created in cummeRbund. Ingenuity Pathway Analysis (IPA; Qiagen, Redwood City, CA) was used to determine the top canonical pathways that were differentially regulated.
Gene-level views were done using Integrative Genomics Viewer (IGV; Broad Institute of Massachusetts Institute of Technology and Harvard University, Cambridge, MA) (27) . IGV was used to view alignments. DESeq2 (Bioconductor) analysis was used to determine differences across genotype within steroid treatment, that is, compare WT vs KIKO, WT vs ERKO, and KIKO vs ERKO, within both oil-and E2B-treated females (28) . Genes with a FC .1.5 were determined to be differentially regulated. Venn analysis was performed using Venny 2.1 (29) to visualize the degree of overlap of genes in the datasets.
Chromatin immunoprecipitation sequencing
Existing estrogen receptor 1 (ESR1) chromatin immunoprecipitation sequencing (ChIP-seq) performed on WT (GSE36455) (30) and KIKO (GSE56466) (31) mice was downloaded from the Gene Expression Omnibus and mapped to the mouse genome (mm10) using Bowtie2 (32) . Further ChIP-seq analysis was done with MACS2 (33) and ChIPseeker (34) , and then genome views were achieved with IGV (27) .
Availability of datasets
RNA sequencing data can be retrieved from Gene Expression Omnibus (GSE86609) (http://www.ncbi.nlm.nih.gov/geo/ query/acc.cgi?acc=GSE86609).
Results
Regulation of the estrogen-regulated transcriptome in WT, KIKO, and ERKO females
The goal of this study was to demarcate E2-dependent genome-wide expression patterns controlled by ERa through the nuclear ERE-dependent, nuclear EREindependent, or through ERa-independent signaling (e.g., ERb, GPER1, Gq-mER) in the ARC of the female mouse using RNA-seq. A flowchart illustrating these different transcriptional pathways can be found in Fig. 1(A) . To investigate these mechanisms, we used two transgenic ERa mouse models, total ERKO and ERa KIKO, that express an ERa mutation that eliminates DNA binding through ERE, and their WT littermates (11) . By comparing the pattern of E2-induced gene expression in these mutants, we can identify genes and canonical pathways elicited by each type of ERa signaling. Our analysis also identifies potential novel signaling mechanisms and cellular processes that E2 impacts via the ARC to control hypothalamic functions such as energy balance and reproduction.
First, we performed PCA on each set of mice individually to examine how global expression correlated between the mice and to gauge the overall effect of E2 [ Fig. 1(B) ]. In short, the PCA revealed that there was a significant amount of expression variance due to E2, independent of genetic background. We plotted gene expression differences using volcano plots to graphically represent the number of genes that changed expression due to E2B injection in the genotypes [ Fig. 1(C) ]. The red dots on each plot signify genes differentially expressed (FC . 1.5, P , 0.05, FPKM . 1). WT females displayed the most dramatic response with 132 genes displaying altered expression [ Fig. 1(D) ], compared with 35 genes in ERKO and 22 genes in KIKO females [ Fig. 1(D) ]. To gauge the overlap among the 3 groups of mice, we performed Venn analysis. WT and KIKO females had an overlap of 10 genes: prostaglandin D 2 synthase (Ptgds), brain-derived neurotrophic factor (Bdnf), complement component 1, q subcomponent-like 2 (C1ql2), kisspeptin (Kiss1), tachykinin 2 (Tac2), proprotein convertase subtilisin/kexin type 1 (Pcsk1), tachykinin 3 receptor (Tac3r), GATA-binding protein 2 (Gata2), POU domain, class 2, transcription factor 1 (Pou2f1), and sex determining region Y-box 3 (Sox3). WT and ERKO females had an overlap of three genes: coiled-coil domain containing 85B (Ccdc85b), arachidonate 5-lipoxygenase activating protein (Alox5ap), and vasoactive intestinal peptide (Vip). There was no overlap between KIKO and ERKO and therefore no overlap among all three genotypes.
Taken together, our data indicate that many neuropeptides, transcription factors, and enzymes are regulated by E2 through an ERa-mediated, ERE-independent pathway.
We next performed Gene Ontology analysis on the 132 genes that were E2-responsive in WT, 60 that were decreased and 72 that were increased with E2B (Table 1 ). In addition to the annotated genes listed in Table 1 , additional predicted genes and genes of unknown function were regulated by E2B (data not shown). The annotated genes were grouped into the following functions (number of genes): calcium regulation (2), cell adhesion (3), cell signaling (2), chromosome structure (3), cytoskeleton (6), enzyme (6), extracellular matrix (12), growth factor (3), immune/inflammation (11), ion channel (4), neurodevelopment (5), neuropeptide (12) , neurotransmission (7), neurotrophic factors (2), protein modification (3), protein trafficking (2), receptor (7), transcription factor (19) , translation (3), and WNT signaling (2) .
There were 22 genes regulated by E2B in KIKO females (Table 2) , grouped by function (Table 1) . Of these 22 genes, 10 were decreased and 12 were increased in response to E2B. The E2B-responsive genes in KIKO represented neuropeptides, growth factors, and transcription factors involved in reproduction and energy press.endocrine.org/journal/endo balance. There were 35 genes regulated by E2B in ERKO females (Table 3) . Of these 35 genes, 4 genes were decreased and 31 were increased with E2B. Interestingly, several genes involved in mitochondrial oxidation and respiration were upregulated in response to E2B in ERKO females, possibly suggesting an increase in mitochondrial function and adenosine triphosphate (ATP) generation in ARC neurons. These mitochondrial oxidation genes include: cytochrome c oxidase subunit 5B (Cox5b), NADH:ubiquinone oxidoreductase subunit A11 (Ndufa11), NADH:ubiquinone oxireductase subunit B10 (Ndufb10), NADH:ubiquinone oxidoreductase subunit B7 (Ndufb7), cytochrome c reductase, complex III subunit XI (Uqcr11), and cytochrome c reductase core protein (Uqcr)1. In addition to mitochondrial genes, numerous ribosomal proteins that comprise both the small and large ribosomal subunits were increased with E2B. Many of the genes regulated in ERKO females did not overlap with the genes regulated in WT females and none overlapped in KIKO females.
Quantitative polymerase chain reaction validation of gene expression regulation by E2B
We have previously published data identifying E2B regulation of ARC genes using quantitative polymerase chain reaction (qPCR) (12) . Table 4 includes a comparison between selected genes of interest using qPCR and RNAseq. qPCR and RNA-seq experiments used the same experimental paradigm, although different animals were used. For full methodology used in qPCR analysis, see our previous publication (12) . In brief, many of the genes that were regulated by E2B in qPCR analysis were similarly regulated in our RNA-seq experiments. However, there were a few genes that were differentially regulated by E2B in qPCR and in RNA-seq. This includes Tac2 expression in KIKO females, which was decreased by E2B in RNA-seq but not qPCR, and cocaine-and amphetamine-regulated transcript (Cart) expression, which decreased by E2B across all three genotypes in qPCR, but not in RNA-seq.
Distinct canonical pathways are regulated by E2B across WT, KIKO, and ERKO females
To elucidate the cellular pathways that were regulated by E2B in each of the three genotypes, we used IPA to determine relationships among genes of interest. Table 5 lists the top canonical pathways within each genotype. In WT females, many of the pathways are involved in diseases, including Alzheimer's disease, atherosclerosis, and endometrial cancer. In KIKO females, many pathways involved in immune/inflammation and energy balance were regulated, including prostanoid biosynthesis, eicosanoid signaling, and glucocorticoid signaling. In ERKO females, many genes involved in oxidative phosphorylation and mitochondrial dysfunction are regulated by E2B.
Differential expression of genes across genotypes
Because this was a multivectored experiment, we used DESeq2 to compare across genotypes within treatment groups (oil and E2B). Many of the genes that were different between genotypes (WT vs KIKO and WT vs ERKO) in oil-treated animals were also different in E2B-treated animals. The main changes in gene expression were between WT vs KIKO and WT vs ERKO females, as indicated in Supplemental Tables 1 and 2 and illustrated in Fig. 2 . As expected, there were many differences in genes involved in reproduction and energy balance across genotypes, including 31 genes that overlapped between all four treatments (1, WT vs KIKO oil; 2, WT vs KIKO E2B; 3, WT vs ERKO oil; 4, WT vs ERKO E2B; Fig. 2 ). These genes include Pck1, Ptgs2, Tac3r, and Map3k15, among others. Additionally, there were 22 genes that were higher or lower in WT compared to KIKO females in both oil and E2B comparisons, including Tlr4 and Grik1. Finally, there were 74 genes that were differentially expressed between WT and ERKO females in both oil and E2B comparisons, including Vgf, Bdnf, Sox3, Pomc, Tac2, progesterone receptor (Pgr), and growth hormone secretagogue receptor (Ghsr).
The KNDy neuropeptide genes are regulated through differential transcript variants
Previous reports have identified E2 regulation of two of the three neuropeptides coexpressed in KNDy neurons. These studies found that E2 regulated Kiss1 through EREindependent signaling and Dyn (dynorphin) through EREdependent signaling (12, 35) . We used cummeRbund to generate gene expression graphs of the KNDy neuropeptide genes. In our study, we found that E2B decreased expression of Tac2 (neurokinin B) and Kiss1 in WT and KIKO females [ Fig. 3(A) ]. Interestingly, we did not see a change in Pdyn or prodynorphin in any genotype [ Fig. 3(A) ]. To determine whether the transcription across the genotypes and treatments aligned with our previous gene expression data (12) , we used IGV (27) to visualize the KNDy neuropeptide transcripts. Figure 3 (B) illustrates that Tac2 and Kiss1 transcripts are decreased by E2B in WT and KIKO females, consistent with our gene expression analysis [ Fig. 3(A) ]. In both Tac2 and Kiss1, there are differences between oil-and E2B-treated females across the entire gene. Conversely, we did visualize a change in Pdyn, in 1 region of the gene (on the 5 0 end), contradicting the lack of changes in gene expression in any genotype [ Fig. 3(A) ], which may be a bias due to the exon length.
ERE-independent misregulation occurs via tethering to ERE and HRE sites
We wanted to understand ERE-independent regulation that occurs in the KIKO mice. ESR1 ChIP-seq performed on KIKO mice revealed that ERa (ESR1) lacking a functional DNA-binding domain can be tethered to both ERE and HRE sites via association with other transcription factors, but this may not contribute to the estrogen response (31) . To gain insight into EREindependent regulation in the ARC, we used existing ESR1 ChIP-seq data on both the WT and KIKO mice (30, 31) . In general, we found that E2-repsonsive genes such as Kiss1 were de-repressed in KIKO mice relative to WT because ESR1 was tethered to an HRE site [ Fig. 4(A) ]. In contrast, other genes such as Cd74 had KIKO ESR1 tethered to the ERE, but the lack of direct DNA binding prevented E2-dependent repression [ Fig. 4(B) ]. We also observed instances where E2-responsive genes behaved similarly in WT and KIKO mice but regulation in KIKO was mediated by tethering to an HRE. An example of this was found at Ptdgs [ Fig. 4(C) ]. Collectively, these data reveal that ERE-independent regulation in the ARC is mainly mediated by tethering of ERa, consistent with previous findings (30, 31) . 
Discussion
The results of the present study identify the ARC estrogenregulated transcriptome in WT, KIKO, and ERKO females. We set up a multifactored RNA-seq on three separate genotypes to determine genes that require specific E2B signaling mechanisms. We identify that many genes involved in calcium balance, metabolism, mitochondrial oxidation, transcription, neurotransmission, and inflammation are all regulated by E2. Interestingly, many of the genes expressing transcription factors that control energy balance and reproduction are regulated by ERE-independent mechanisms, present in WT and KIKO females, but not in ERKO females, suggesting that membrane-mediated responses to E2 are important in the ARC estrogen-regulated transcriptome. Furthermore, many mitochondrial oxidation genes were regulated by E2B in ERKO females, but not in WT and KIKO females, suggesting compensatory mechanisms that are ERa-independent may be important for cellular energy production.
The arcuate estrogen-regulated transcriptome regulates homeostatic functions In WT females, E2 regulates 132 genes. Of these, 119 genes are regulated by E2B in WT females only, indicating that transcription is mediated by ERa interacting with ERE. Although it is not possible to fully discuss each of these genes, we have characterized these genes into different functions. These functions include calcium regulation, cell adhesion, cell signaling, chromosome structure, cytoskeleton, detoxification, enzymes, extracellular matrix genes, growth factors, inflammatory genes, ion channels, neurodevelopment, neuropeptides, neurotransmission, protein modification and tracking, receptors, transcription, and translation. E2 regulates neuropeptides that are involved in energy balance and reproduction, processes that are controlled centrally in the ARC. Previous studies suggest that E2 functions in the control of expression of a variety of neuropeptides, including POMC, kisspeptin, and dynorphin (15, (36) (37) (38) (39) (40) (41) (42) . E2 signaling in energy balance includes regulation of POMC/CART and NPY/AgRP neurons that are anorectic and orexigenic, respectively (8, 10, 15, 18, 37, 38, 43) . In the present study, Cartpt, CART prepropeptide, and Pomc were decreased by E2B, whereas Agrp was increased by E2B, consistent with our previous findings (44) . E2 differentially regulates these orexigenic neurons through multiple receptor-mediated mechanisms. The nonsteroidal selective ligand for the Gq-mER, STX, functions through an ERE-independent and nuclear receptor-independent pathway to enhance the GABAergic postsynaptic response in NPY neurons, leading to a decrease in Npy expression in the ARC (18) , which is opposite to the attenuation caused by classical ERa activation.
A number of receptors involved in reproduction (Pgr, Tac3r) and energy balance (Cckar, Ghsr) are regulated by E2B. Pgr and Tac3r are essential for normal functioning of the hypothalamic/pituitary/gonadal (HPG) axis (45) and are increased and decreased with E2B, respectively, consistent with previous studies (12) . We previously reported that Ghsr, the ghrelin receptor, is increased by E2B in the ARC but not in NPY neurons, in which GHSR activation inhibits the M-current (44) . Ghrelin is a peptide hormone that stimulates food intake through a brain-gut neural connection. The increase in Ghsr by E2B in WT ARC is due to Ghsr augmentation in Tac2 (KNDy) neurons (46) . Additional receptors are also regulated in the ARC estrogen-regulated transcriptome.
E2 functions through ERE-independent pathways in the ARC to regulate gene expression
There are many genes that are regulated by E2B in both WT and KIKO females, but not in ERKO females, suggesting that ERa-mediated, ERE-independent signaling is important in the control of gene expression in the ARC. These genes include Bdnf, C1ql2, Gata2, Kiss1, Pcsk1, Pou2f1, Ptgds, Sox3, Tac2, and Tac3r. Of these genes, all were downregulated by E2B in both WT and KIKO animals except for Gata2 (decreased in WT, increased in KIKO) and Pou2f1 (increased in WT and KIKO).
Recently, we reported a number of ARC genes that were regulated by ERE-dependent and -independent mechanisms (12) . Kiss1-expressing genes in the ARC are often coexpressed in KNDy neurons that act as an important pulse generator in regulation of GnRH neurons and function in E2 negative feedback on the HPG axis (47, 48) . Previous studies, and in our present study using cummeRbund and IGV analysis, found that Kiss1 is regulated, in part, through ERa-mediated, EREindependent mechanisms (12, 35) . Additionally, we have previously shown that Tac2 (neurokinin B) is decreased by E2B only in WT females (12) , unlike in the present study where E2B suppressed Tac2 in both WT and KIKO females. Tac3r is also decreased by E2B in WT and KIKO females (12) . Thus, KNDy-associated genes are regulated through multiple ERa-mediated pathways. Regulation of ARC gene expression for selected genes was similar, for the most part, between qPCR and RNAseq analysis such as Kiss1, Ghsr, and Pgr. However, other genes were not, such as Tac2, which was decreased by E2B in WT females in both qPCR and RNA-seq, and decreased by E2B in KIKO females only in RNA-seq analysis. In the RNA-seq, the FC for Tac2 in KIKO is 0.66, which is close to our cut-off at 0.67, whereas in our previous study, EB did not alter ARC Tac2 expression, although Tac2 was differentially expressed between the 3 genotypes (12). One additional example is Cart, which was decreased by E2B in WT and KIKO in the qPCR analysis, but had no change in the RNA-seq in the KIKO. These differences highlight the importance of using multiple techniques to identify changes in gene expression, preferably from the same ARC RNA samples whether amplified or not.
Many genes regulated by E2B in WT and KIKO females are classified as transcription factors, including Gata2, Pou2f1, and Sox3. Gata2 belongs to the GATA family of transcription factors, which regulate gonadotropin gene expression (49) . Furthermore, GATA-2 is involved in gonadotrope differentiation (49) and stimulation of gonadotropin-releasing hormone receptor genes, and suppression of GATA-2 in gonadotropes is associated with decreased luteinizing hormone expression (50, 51) . In the ARC, Gata2 was decreased by E2B in WT females and increased by E2B in KIKO females. It is possible that Abbreviations: nNOS, neuronal nitric oxide synthase; PDGF, platelet-derived growth factor; GPCR, G protein-coupled receptor.
Gata2 is negatively regulated by E2 through EREdependent mechanisms. Conversely, without EREdependent signaling, E2 augments Gata2 expression via ERE-independent mechanisms. Pou2f1, or Oct-1, is a transcription factor in the POU transcription factor family important in numerous neuroendocrine functions, including regulation of GnRH expression (52, 53) . We found that E2B increased Pou2f1 twofold in WT females and more than fourfold in KIKO females. Although there have been no studies to date on the role of Pou2f1 in the ARC, in MCF7, an ERa-positive breast cancer cell line, high concentrations of E2 increase genes associated with the Pou2f1 binding regions (54) . SOX3 is important for the formation of the hypothalamic/pituitary axis (55, 56) as well as neurogenesis (57), and its expression is decreased by E2B in WT and KIKO females. Interestingly, there are no studies that examine Sox3 in the ARC or its interactions with E2. However, other members of the SOX family of transcription factors, including SOX4 and SOX11, are coexpressed in GnRH neurons and thus are important regulators of GnRH mRNA expression (58) . Sox3 transcription is decreased by E2B through ERa-mediated, EREindependent mechanisms and, combined with the regulation of Gata2 and Pou2f1 expression, suggests that E2 also controls transcription of ARC reproductive genes through the indirect regulation of specific transcription factors. Pcsk1, or PC1/3, is involved in the differential cleavage of POMC into adrenocorticotropic hormone, and another proprotein convertase, Pcsk2 (PC2), cleaves the POMC protein into a-melanocyte stimulating hormone (59) . Pcsk1 expression was decreased with E2B through ERa-mediated, ERE-independent mechanisms, presumably shifting the cleavage of the POMC protein toward a-melanocyte stimulating hormone processing for subsequent release at downstream MC4 receptorexpression neurons to reduce food intake. In ovariectomized guinea pigs, E2B increases Pomc expression and STX did not increase Pomc expression (18) , suggesting that Pomc is regulated through nuclear receptor-mediated mechanisms. Consequently, the regulation of Pomc through transcriptional and posttranslational mechanisms is controlled through EREdependent and -independent pathways, respectively. Ptgds regulates prostaglandin D 2 production, which Figure 4 . ERE-independent regulation is mediated by tethering. Gene-specific analysis was done with IGV comparing RNA-seq and ChIP-seq data for (A) Kiss1, (B) Cd74, and (C) Ptgds in WT and KIKO mice treated with E2 or oil.
increases food intake through activation of orexigenic (NPY/AgRP) neurons in the ARC (60) . The suppression of Ptgds by E2 through ERE-independent mechanisms potentially reduces prostaglandin D 2 synthesis and may be a secondary mechanism activated by E2 to suppress food intake. However, E2 does suppress a gene whose role in energy homeostasis is to reduce food intake and augment energy expenditure, i.e., Bdnf (61) . Bdnf primarily acts through the ventromedial nucleus of the hypothalamus and is involved with multiple processes besides the control of food intake, including cell growth, proliferation, and synaptic plasticity (62) . In the ARC, E2B reduces Bdnf through ERa-mediated, ERE-independent mechanisms potentially to reduce localized synaptic plasticity in orexigenic neurons (63) . Collectively, these data suggest that E2 suppresses and activates multiple pathways to regulate ARC control of energy homeostasis and feeding behavior.
The electron transport chain is regulated by ERa-independent pathways In ERKO females, 35 genes were regulated by E2B, which suggests a role for ERa-independent pathways. Many of these genes are predicted and are currently not annotated (data not shown). Furthermore, several ribosomal proteins were regulated by E2B in ERKO females. These ribosomal proteins include those that are found in both the small and large ribosomal subunits and all were upregulated by E2B. We found that many genes regulated by E2B in ERKO females were those involved in mitochondrial respiration and the electron transport chain (ETC). These genes include the following: Atp5e, Cox5b, Ndufa11, Ndufb10, Ndufb7, Timm13, Uqcr11, and Uqcrq. Interestingly, all these genes were upregulated in ERKO females and were not regulated by E2B in either WT or KIKO females, suggesting that in the absence of ERa, there are compensatory mechanisms that regulate the ETC.
The enzymes that transfer electrons through the ETC are grouped into several complexes in the mitochondria that span the matrix, inner mitochondrial membrane, and intermembrane space. Components of these complexes are regulated by E2B in ERKO females. Complex I, or the NADH dehydrogenase complex, transfers electrons from NADH and is made up of peripheral and membrane portions (64) . Within the peripheral portion, there are four subunits: a, b, g, and d (64). Ndufa11 is part of the a subunit and is regulated by E2B in ERKO (64) . Additionally, Ndufb10 and Ndufb7 were upregulated by E2B, and they represent part of the NADH dehydrogenase b subunit. To date, there are no studies suggesting that regulation of these genes is controlled by E2, regardless of receptor subtype or signaling mechanisms.
Complex IV includes cytochrome c oxidase (CcO), which is critical for transferring electrons to the final electron acceptor, O 2 . In ERKO, 3 cytochrome c-associated genes were increased by E2B: Cox5b, Uqcr11, and Uqcrq. Cox5b is a peripheral subunit of CcO, and previous studies indicate that it is critical for CcO activity (65) . Complex V of the ETC includes ATP synthase, which uses the H + ion gradient produced during complexes I to IV to power ATP synthase. In ERKO, Atp5e was increased by E2. Atep5e is critical to a functional F1 epsilon subunit in ATP synthase, which represents the catalytic portion of ATP synthase and spans into the mitochondrial matrix (66) . In addition to these genes, Timm13, a translocase of the inner mitochondrial membrane, was increased by E2B in ERKO females. Although it is unclear whether there is a role of Timm13 in the ETC, it functions in import of metabolites from the cytoplasm.
There are no studies that examine E2 regulation of mitochondrial genes in the hypothalamus and especially in the ARC. A recent study found that P4 and E2 regulate mitochondrial oxidative metabolism in the rat brain by increasing expression and activity of CcO (67) . Our studies suggest that ERa-independent signaling is critical for maintaining metabolism, and the bioenergetics of the ARC and may be critical to the neuroprotective effects of E2. The ERKO ARC estrogen-regulated transcriptome functions in ERa-independent signaling through multiple mechanisms and signaling pathways. Although ERb is not as highly expressed in the ARC as ERa, it is possible that E2 functions to control genes through this classical receptor (68) . Furthermore, E2 may signal through additional estrogen receptors, including GPER1/GPR30 and the putative membrane estrogen receptor, Gq-mER (8) (9) (10) 69) . Thus, although we have identified the ARC estrogen-regulated transcriptome in ERKO females, the results of our study require further investigation to determine which E2 signaling pathway is activated.
Comparing gene expression across genotypes using DESeq
Using DESeq, we analyzed the transcriptome between genotypes within the same steroid condition. There were few differences present between oil-and E2B-treated ERKO and KIKO females. However, striking differences were found between WT vs KIKO and WT vs ERKO. Among the genes differentially expressed between WT vs KIKO and WT vs ERKO, similar genes were found in oil-treated females and in E2B-treated females. Many of these genes overlapped with the previously discussed genes of the ARC estrogen-regulated transcriptome. All genes that were different between WT vs KIKO females were different in both oil-and E2B-treated females (total of 53 genes). Two of these genes were the doi: 10.1210/en. press.endocrine.org/journal/endoenzymes Pck1 and Ptgs2, discussed earlier. In oil-treated females, Pck1 and Ptgs2 expression was lower in KIKO compared with WT and, in contrast, was higher in KIKO compared with WT in E2B-treated females. Furthermore, many of the genes differentially regulated between WT and KIKO were also differentially expressed between WT and ERKO (31 genes). In the comparison of WT vs ERKO females, there was only one gene that was significantly different in WT vs ERKO oiltreated females, and not in WT vs KIKO females. This gene is Ptpn20, which to date has an unknown function. Of the remainder of the genes (105 genes) significantly different between WT vs ERKO females, 31 genes overlap with WT vs KIKO females. There are 74 genes differently expressed between oil-and E2B-treated WT and ERKO females, including the KNDy neuropeptides. In KNDy neurons, Pdyn and Tac2 are lower in oil-treated ERKO females than WT and higher in E2B-treated ERKO. Using quantitative real-time PCR, we found that the expression of Pdyn is higher in KIKO than in WT or ERKO females (12) . Although not consistent, these data do illustrate that the KNDy genes are differentially expressed in females lacking a fully functional ERa, the consequence of which is dysregulation of negative feedback of E2 onto the HPG axis. Comparisons between the genotypes within steroid treatments provide an important framework to future studies identifying central signaling of the estrogenregulated transcriptome.
Conclusions
Although numerous studies have examined role of E2 in controlling many hypothalamic homeostatic processes described in this study, the receptor-mediated mechanisms are largely unexplored. We show that ERa-mediated, ERE-independent mechanisms regulate expression of transcription factors that are involved in reproduction, primarily through the control of GnRH expression and the downstream HPG axis. These results enable the design of future studies exploring these transcription factors, especially GATA2, POU2F1, and SOX3 pathways. In addition to reproduction, many of the genes and pathways impacted by E2, through both ERE-dependent and -independent pathways, are involved in the control of energy expenditure and feeding behavior. Finally, regulation of mitochondrial oxidation genes in ERKO females, but not in WT and in KIKO females, suggests that ERa-independent pathways may compensate to maintain cellular energy production when ERa is lacking. These results suggest that ERaindependent pathways, such as ERb, GPR30, or the putative Gq-mER, are important in regulating mitochondrial functions in the arcuate nucleus. These pathways may be important not only in distinct processes and pathways regulating reproduction and energy balance, but also the interaction of the two. It is critical to understand these interactions of reproduction and energy balance, as reproduction is negatively impacted by both overnutrition (obesity) and undernutrition (anorexia) (70) (71) (72) (73) . Our investigation of the ARC estrogenregulated transcriptome is an important step in this understanding of the molecular and cellular pathways impacted by E2 and provides novel cellular targets for future studies.
